The excretion of ingested creatinine was recommended by Rehberg (1926) as a measure of glomerular filtration on the grounds that this substance is concentrated by the kidney to a greater extent than any other substance in the urine. Behre and Benedict (1922) had previously expressed doubts about the existence of creatinine in normal blood in sufficient quantities to account for the creatinine normally excreted, but Rehberg concluded that, since ingested creatinine is excreted by the kidney with the same readiness as the chromogenic substance or substances which are normally present in the blood, the main part of this chromogenic substance must be really creatinine.
in an appendix to tlhis paper.
By t'his method atI least t,hree substances, or groups of substances, can be distinguished in plasma:
1. Creatlinine (of either exogenous or endogenous origin; in this category there will also fall t,he substit,uted creat,inines which behave toward Lloyd's reagent like creatinine) .I 2. Non-creatinine chromogenic substances which are distinguishable from creatinine by the fact, t,ha8t t,hey are notj absorbed by Lloyd's reagent. . 3. A non-chromogenic which yields creatinine by For further information on t,his substance inal observations of Gaebler. substance (ot,her t,han creatinine or cretttine) absorptlion and liberation from Lloyd's reagent,.
the reader is referred to t,he origWe have never found more than 0.5 mgm. per cent of non-creatinine chromogenic substance in the plasma of dogs fed upon our cracker meal diet or upon meat,, and consequently when the plasma creat,inine level is raised t,o 10 mgm. per cent or higher, t,hese substances are not a serious source of error in the determinat,ion of t#he creatinine concentration by Folin (1919) met)hod. The concentration of non-creatinine chromogenic subst'ances in t,he relatively dilut,e urines which we have analyzed has not exceeded 1.0 mgm. per cent, which amount is, of course, so small that it also can be neglected in experimentIs in which large quantities of creat,inine are administered. The excretion of non-creat!inine chromogenic substances and the question of the origin of the creatinine present in normal urine, will be referred t,o in the latter part of tJhis paper.
The secretion of exogenous crcatinine. The first experiment's which we wish t,o describe were made with dog 36; we have used this dog in many previous experiments and consequently have numerous datJa on her relat,ive to the excret,ion of urea, xylose and sucrose under various conditions. The first three experiments (expts. 140, 141 and 143) concern the excretion of xylose and creatinine while the dog was on a maintenance diet of cracker meal, butt,er and sugar, and when the glomerular (xylose) clearance was at a minimum. In these experiment's varying quantities of creatinine were administered subcutaneously, along with constant quant,it,ies of xylose by stomach. For t,he det(ailed data the reader is referred t,o table 1 and its accompanying protocols. The results of t)hese experimer& show level clearly t,hat the rate of creatinine excretion relative t'o the plasma of creat,inine-i.e., the creatinine clearance-is greater by about 40 . (1.39) to 50 per cent than is the rate of xylose excretion relative to the plasma level of xylose.
(Our figures are corrected to the plasma clearance per square meter of body-surface area, as in previous papers, to facilitate the comparison of various dogs.)
On the basis of the evidence, present,ed by Jolliffe, Shannon and Smith (1932) , that the rate of excret,ion of xylose relative to the plasma concentration measures within a few per cent the quantity of glomerular filtrate, or the glomerular clearance, the results of experiments 140, 141 and 143 must be accepted as evidence that a considerable quantity of creatininc is removed from the blood by some means other than, and in addition to that which is cleared by glomerular filtration.
VVe infer that this additional quantity of creatinine represents a tubular excretion of this substance from the post-glomerular plasma, and we will therefore refer t,o it as the tubular dearance, in contradistinction to the glomerular clearance. Thus, in period I of experiment 140, the glomerular clearance of creatinine (theoretically the same as the glomerular clearance of xylose) is 60.1 cc. per square meter per minute, and t,he tubular clearance is 28.8 cc. per square meter per minut,e (88.9-60.1) ; we may conveniently identify the relative values of these by saying that the tubular clearance is 48 per cent of the glomerular clearance.
The difference between the xylose clearance and the creatinine clearance cannot be due to the excretlion of what we may designate thenormal or endogenous creatinine because the normal excretion of creatinine for a dog of this size is not greater than 0.3 mgm. per minut,e, whereas the average discrepancy between the xylose clearance and the creatinine clearance in experiment 140 is 22.3 cc. of plasma per minut,e containing 49.3 mgm. per cent or 11 mgm., -i.e., 33 times the normal excretion.
Inst'ead, we are led to conclude that preformed creatinine is removed from post-glomerular blood by tubular activity and secreted directly or indirect,ly into the tlubular urine.
The first question which arises in connect,ion with the tubular secretion of creatinine is its relationship to the concentration of this substance in the plasma.
In experiments 140, 141 and 143 the plasma level varied from 55.9 down t,o 20.7 mgm. per cent. There are irregularities in the relative tubular clearance from 37 to 48 per cent of the glomerular clearance, but the variations are distributed irregularly and are probably due t,o experimental error; if averages are taken for each experiment, as is indicated in table 1, the relative tubular clearance for the three experiments at average plasma levels of 49.3,36.2 and 25.6 respectively, was 41,39 and 42 per cent. In experiment 159, performed on this same dog two and a half months after experiment 143, t,he plasma level ranged from 25.0 down to 3.0 mgm. per cent; in this experiment the tubular clearance was 38 per cent of the glomerular clearance.
(In expt. 159 the tlrue creatinine, as determined by the met,hod described in the Appendix, is given for the plasma while t,he urine concentration in t,his experiment and the plasma and urine concentrations in expt,s. 140, 141, and 143 are for the totcal chromogenic subst'ance.)
These four experiment,s indicate then, that at plasma levels above 3.0 mgm. per cent the t,ubular excretion of creatinine is a linear function of t'he plasma concentrat8ion and that the tubular clearance is therefore independent of the plasma concentrat,ion.
Since the glomerular excret'ion of creatinine must be assumed to be a line,zr function of the plasma concentration so long as the rate of glomerular filtration is constant, it follows that, all other conditions being equal, the tot,al excretion of creat!inine will likewise bear a linear relationship to the plasma concentration. MacKay and Cockrill (1930) have demonstrated t.hat such a linear relationship exists in the rabbit under %andard conditions," but they have erroneously argued t,hat this fact may be taken as evidence t,hat creat'inine is excreted in this animal solely by glomerular filtrat,ion.
On the contrary, it is quite possible that t'he tubular excretion is proport8ional t,o the plasma concentration in the rabbit' as in the dog, in which case the total excretion would bear the same relationship.
The injluence of diet upon the tubular excretion of creatinine.
It is held on good grounds t'hat the blood to the renal tubules in t,he mammal is supplied ent,irely from the efferent glomerular ar6erioles. Except for such changes in glomerular filtration as might result from changes in local glomerular pressure it would be expected, therefore, that the glomerular clearance and the tubular clearance would be affect,ed in t'he same direction by changes in number of active glomeruli and in blood flow t)hrough the kidney, and where the tubular excretion is a linear function of t,he plasma concent,ration, as in the case of creatinine, these should be affected to approximately the same ext,ent.
It has been shown in a previous paper that the rat,e of glomerular filtration (and the urea clearance) can vary in a single dog as much as three and a half fold in relation to the dietary regime (Shannon, Jolliffe and Smit,h, 1932) and it is known that the creatinine clearance increases and decreases under t,hese same condit,ions (Jolliffe and Smit#h, 1931) . It therefore seemed import,ant to examine the effects of diet on the tubular clearance of creatinine relative to tlhe glomerular clearance as measured by xylose.
With this point in mind we transferred dog 36 from the cracker meal diet which had been used t8hroughout the above experiment(s, and upon which the glomerular clearance was low (50 t'o SO), to a mixed diet. In the next t,wo experiments (expts. 147 and 149, table 2) after seven days on the mixed dieti, and after eating a meat meal, the glomerular clearance ranged from 90 to 97. Thus by dietary means the glomerular clearance was nearly doubled, but the proport,ion between the glomerular clearance and the tubular clearance of creatinine remained fairlv const,ant, the latter h . This result suggests that only a small part of the increased glomerular activity in the latter experiments is due to increased glomerular pressure, and that the greater part of the increase in glomerular activity is accompanied by an increase in blood flow to the tubules. To examine this point farther, in the last experiment and while the dog was still on a mixed and meat diet, a vasodilator was administered after three control periods (expt. 158). The vasodilator was erythroltetranitrate which was selected because it has a slow and prolonged action. During t,he three control periods the glomerular clearance was 100; this dropped to 80.9 in the second period after the erythroltetranitrate was injected. Throughout the course of the experiment, however, the relative tubular clearance of creatinine remained remarkably constant at 30 to 33 per cent of the glomerular clearance.
In another experiment of this same type (expt 157), but performed on another dog which was being fed the cracker meal diet, and which therefore had a low glomerular clearance, the erythroltetranitrate had a reverse effect; the glomerular clearance rose from 40 before the injection of the drug to a maximum of 73 afterward.
It is of course impossible to interpret these results accurately in terms of immediate causes, since the drug probably produces opposing effects; while it would probably tend to increase the number of open or active glomeruli and hence the total filtering surface and blood flow, it would at the same time be expected t'o decrease the rate of glomerular filtration by lowering the local glomerular and the systemic arterial pressure. Whether the net rate of glomerular filt,ratlion would increase or decrease would then depend on the predominance of these opposing effects. But the relative constancy of the ratio of t,he glomerular to the creatinine clearance in the above experiments in which the glomerular clearance was nearly doubled by diet, and profoundly modified in diverse directions by a vasodilator drug, indicates that changes in the rate of glom .erular filtration are for the most part accompanied by parallel changes in blood flow to the tubul .es.
(It may be noted that dog 43, used in thi s last experiment, showed a relatively lower creatinine clearance than did dog 36; under comparable conditions the tubular clearance of creatinine was 40 per cent of the glomerular clearance in dog 36, 15 and Smith (1932) have found that, as judged by the simultaneous excreCon of xylose, creatinine is abundantly secreted by the elasmobranch kidto 1.27 in one experiment, from 1.05 to 1.31 in a second, and from 0.91 to 1.20 in a third. Nevertheless he concluded that the correspondence between these ratios was such as to establish that creatinine is excreted exclusively by filtration.
Apart from our present demonstration that phlorizin abolishes the tubular excretion of creatinine, we believe that Poulsson's experiments are open to several criticisms; the plasma and urine sugars were determined by different analytical methods and the plasma sugar was determined by the Hagedorn-Jensen method in which phlorizin has ney. This secret,ory activit,y was observed to be depressed by phlorizin, and in some instances it was completely abolished so that the t,otal excretion of creatinine decreased umil it corresbonded t,o t,he quant$ity excreted It is of particular int,erest, therefore, to observe t'he effects of phlorizin on the excretion of creatinine in the dog. In experiment.s 155 and 160 (table 3) the normal xylose and creatinine clearances were observed in several control periods; phlorizin was t!hen administered by intravenous and subcutaneous injection.
(Our phlorizin is carefully purified by recrystallization from alcohol, as recommended by Lusk, 1928 .) It, will be seen from these experiments, which are also illustrated in figure 1 , that phlorizin instantSly and completely abolishes the extra excretion of creatinine, reducing t.he t,otal creatinine clearance to the glomerular level. No explanation can be advanced for this action of phlorizin, but it may be reiterated, as Clark and Smith (1932) have pointed out,, that a phlorizinized animal is hardly suitable for the examinat(ion of "normal" renal function.3
The action of phlorizin in arresting the tubular secretion of creatinine (as we interpret t,he excessive creatinine clearance observed in the normal animal) without significantly affecting the xylose or urea clearances is a further though indirect validation of our t,hesis that xylose measures t,he rate of glomerular filtration.4 The excretion of endogenous creatinine. It is impossible by available methods to determine accurately the normal true creakinine in the plasma, and more particularly in urine, in animals to which xylose has been administered because of the interference of the sugar, as pointed out in the description of our creatinine method.
Consequently it has not been possible for us to compare the excretion of xylose with the excretion of normal or endogenous creatinine.
We have, however, made analyses on the plasma and urine of dogs which never had received injections of creatinine with the idea of determining whether or not the normal rate of excretion of creatinine falls within the same range as in dogs to which creatinine had been administered. Data bearing on this point are given in table 4. In t)hese analyses we have determined the total chromogenic substance in plasma and urine, using an aliquot of 2 cc. of the former and 1 cc. of the latter (column 1); the non-creatinine chromogenic substance remaining after extraction with Lloyd's reagent (column 2); true creatinine, as calculated by difference between (1) and (2) ; creatinine recovered from the Lloyd's reagent used in (2) by treatment with MgO (column 4).
Confirming Behre and Benedict (1922) , Gaebler and Keltch (1928) and Gaebler (1930) , we find a considerable moiety of the total chromogenic substance in plasma is not absorbed on Lloyd's and conclude that it is not creatinine.
In other experiments we have found larger quantities of noncreatinine chromogenic substance than are given in table 4; for example, in dog 36, experiment 159, this moiety was 0.5 ho.05 mgm. per cent in all plasma samples, and in another dog we observed 0.61 mgm. per cent. It is apparent that there may be sufficient non-creatinine chromogenic substance in plasma to introduce a serious error in creatinine clearance determinations based upon total plasma creatinine unless the plasma creatinine is 10 mgm. per cent or higher.
It is interesting to observe that the non-creatinine chromogenic substance is not concentrated in the urine to the same extent as is creatinine (or even, we may suppose, as xylose); if this moiety is filtered through the glomeruli, it must be reabsorbed by the tubules.
Regarding the recovery of the absorbed creatinine from the Lloyd's reagent, it will be noted that in two instances (dogs 49 and 59) this recovery was almost perfect.
In the third instance (dog 60) more creatinine was recovered from both the plasma and the urine than had been absorbed; it may be that this excessive recovery signifies the presence of the substance which Gaebler has described, and which is convert,ed to creatinine by treatment with Lloyd's When the creatinine clearance is calculated from the true creatinine in the plasma and urine (column 3) of the above experiments, values are obtained (see column 5, table 4) which lie well within the range of the creatinine clearances which have been reported previously by Jolliffe and Smith (1931) and in this paper (i.e., between 40 and 150 per sq. m.). Behre and Benedict (1922) suggested, when they ascertained that not all the chromogenic substance in the blood is creatinine, that there might not be enough creatinine in the blood to account for the normal excretion of this substance.
The above observations indicate, on the contrary, that it may not be necessary to infer the renal formation of creatinine from some precursor in order to account for the normal excretion of this substance.
We make this point tentatively, however, because the experimental method is none too good, and at best it is quite non-specific since it includes substituted creatinines (methyl-creatinine, etc.) in the moiety which we have called creatinine.
SUMMARY
In normal dogs to which creatinine has been administered the creatinine clearance exceeds the xylose (glomerular) clearance by 15 to 40 per cent This excessive excretion of creatinine is interpreted as due to the tubular secretion of this substance from the post-glomerular blood. The tubular secretion of creatinine appears to be a linear function of the plasma concentration below 50 mgm. per cent, and therefore the tubular clearance is independent of the plasma concentration.
Since the glomerular clearance is theoretically independent of the plasma concentration, it follows that the total creatinine clearance is likewise independent of the plasma concentration. Changes in the glomerular clearance effected by diet and by eryt,hroltetranitrate are accompanied by nearly proport,ional changes in t.he same direction in the creatinine clearance, indicating tlhat the former are accompanied by nearly proport,ional changes in blood flow to the tubules.
Phlorizin complet8ely arrests t,he tubular secret,ion of exogenous creatinine so that the tot,al creat,inine clearance is reduced to the level of the xylose (or glucose) clearance.
The excretion of endogenous creatinine is discussed briefly in t'he text. APPENDIX.
The method which we have used for the determination of true creatinine is that of Folin (1919) with a simple modification of the procedure used by Gaebler (1930) 
